A B S T R A C T Gel filtration studies on Bio-Gel P-10 columns of a 50-fold purified porcine duodenal extract revealed a main peak of glucagon-like immunoreactivity (GLI) in the 2,900 mol wt zone and a smaller peak in the 3,500 mol wt zone, the same zone as the pancreatic glucagon marker. Like pancreatic glucagon, samples of 3,500 mol wt material gave essentially identical measurements in radioimmunoassays employing the pancreatic glucagon-specific antiserum 30K and the GLI crossreacting antiserum 78J, whereas the 2,900 mol wt peptide gave 60-fold higher readings in the 78J assay. On disk gel electrophoresis, the 3,500 mol wt fraction, like pancreatic glucagon, migrated at pH 8.3, whereas the 2,900 mol wt peptide remained at the origin; at pH 4.7, the 2,900 mol wt peptide migrated while the 3,500 mol wt immunoreactive peptide and glucagon remained at the origin. Isoelectric focusing revealed the 3,500 mol wt moiety to have an isoelectric point (pI) of 6.2, the same as pancreatic glucagon, whereas the 2,900 mol wt peptide had an pI > 10. The glycogenolytic activity of the 3,500 mol wt peptide in the perfused rat liver did not differ significantly from glucagon, and its adenylate cyclase stimulating activity in partially purified liver cell membranes was comparable to that of glucagon; the 2,900 mol wt peptide had less than 20% of these activities. In samples of 3,500 mol wt material subjected to isoelectric focusing, adenylate cyclase-stimulating activity was confined to fractions containing 30K immunoreactivity with a pI of 6.2. In samples of 2,900 mol wt material subjected to isoelectric focusing, Dr. Sasaki's present address is The
INTRODUCTION
It has recently been reported by Vranic, Pek, and Kawamori (1), Matsuyama and Foa (2) , and Mashiter et al. (3) that the plasma of totally depancreatized dogs contains normal or increased quantities of a material immunometrically indistinguishable from pancreatic glucagon by radioimmunoassays regarded as highly specific for pancreatic glucagon. This postpancreatectomy immunoreactivity could not be attributed to cross-reaction with high levels of gut glucagon-like immunoreactivity (GLIP) (4) , a group of immunometrically dissimilar polypeptides which is not elevated after pancreatectomy (5) . Moreover, after total pancreatectomy, the responses 1'Abbreviations Used itn this paper: CMC, carboxymethyl cellulose; GLI, glucagon-like immunoreactivity; Kay, partition coefficient; pI, isoelectric point.
The Journal of Clinical Investigation Volume 56 July 1975 [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] of glucagon to arginine (1, 3, 5) and insulin (5) mimic the responses of pancreatic glucagon rather than those of gut GLI, thus raising the possibility that a polypeptide immunometrically indistinguishable from pancreatic glucagon may originate from extrapancreatic tissues.
These studies were designed to determine if a polypeptide indistinguishable by available methodology from pancreatic glucagon, but previously obscured by and confused with larger amounts of GLI, might be present in extracts of gastrointestinal tissues and, if so, whether a true A-cell could be identified outside the pancreas and differentiated from the "A-like cells" of postduodenal small intestine (6) , considered to be the source of GLI (7) .
METHODS
The starting material, an extract of pork duodenum purifiec 50-fold by Professor Viktor Mutt (8) , Karolinska Institutet, Stockholm, was subjected to gel filtration on Bio-Gel P-10 columns (Bio-Gel, Bio-Rad Laboratories, Richmond, Calif.) (0.9 X 115 cm) using 50 mM ammonium bicarbonate buffer (pH 8.8) at a flow rate of 6 ml per h at 40C. Each 1.4-ml fraction was collected and frozen immediately until analyzed. Blue dextran 2,000, human growth hormone cytochrome C, 'I-labeled and unlabeled insulin and glucagon, and vasopressin were used as molecular weight markers. Molecular weights were estimated by the formula:
where Ka. is the partition coefficient, Ve the elution volume of the peptide, V. the void volume, and Vt the total elution volume.
For further studies requiring larger quantities of material, 1-2 g of sample was applied to Bio-Gel P-10 columns (5 X 115 cm), and fractions corresponding to those of the smaller column were pooled and lyophilized.
GLI was measured in each fraction by radioimmunoassay (9) using antiserum 78J from a rabbit immunized against beef-pork glucagon. This antiserum cross-reacts strongly with GLI. "Pancreatic glucagon" immunoreactivity was measured with antiglucagon serum from rabbit 30K. This antiserum is highly specific for pancreatic glucagon in that it measures less than 3% of the 78J immunoreactivity present in crude or 500-fold purified acid alcohol extracts of gut. Moreover, it does not react at all with secretin, pancreozymin, GIP, or VIP. Insulin levels were measured in 13 of the extracts by the method of Yalow and Berson (10), as modified by Herbert, Lau, Gottlieb, and Bleicher (11) for the purpose of excluding contamination of the duodenal extracts by pancreatic tissue.
The immunoreactive fractions were further purified by ion exchange column chromatography using a cation exchange resin, carboxymethyl cellulose (CMC), (Serva, Gallard-Schlesinger Chemical Manufacturing Corp., Carle Place, N. Y.) activated by ordinary cyclic washing with 0.2 M NaOH and 0.2 M HCl and equilibrated in 10 mM ammonium acetate buffer (pH 3.7) in 1.5 X 15 cm-siliconized columns. After application of samples, the columns were washed with 100 ml of the above buffer and eluted with 300 ml of solution consisting of a linear gradient of KCl, 0 M-0.5 M in 10 mM ammonium acetate buffer, pH 3.7, followed by 100 ml of 2 M KCl, the same buffer, at a flow rate of 30 ml per h at 4°C. The eluate was collected in 5-ml fractions, and immunoreactive fractions were pooled and lyophilized for further purification.
The purified immunoreactive fractions were subj ected to disk gel electrophoresis in 10%o acrylamide gel in alkaline (pH 8.3) (12) and in acid buffers (pH 4.7) (13). Bromphenol blue and pyronin Y were used as indicators. The gel was divided into 1.5-mm slices by a Bio-Rad (Bio-Rad Laboratories, Richmond, Calif.) slicer. Groups of three slices were combined for extraction with 2 ml of assay diluent by microhomogenization. The homogenates were centrifuged for 10 min at 2,000 rpm, and the supernates were assayed for immunoreactivity. Isoelectrofocusing column chromatography was carried out with an LKB 8,101 110-ml electrofocusing column (LKB Instruments, Inc., Rockville, Md.). 1% ampholine was employed as the ampholite, pH 5-10. A solution containing 1.5%o ethylenediamine and 47% sucrose was used for the cathode at the bottom. A solution of 1% phosphoric acid was used for the anode at the top. A sucrose gradient ranging from 47 to 0% was made manually. 2 ml of sample solution was applied to the middle of the column. The anolyte was layered above the formed gradient. The run was carried out at 4°C for 48 h at 300 V. The column was eluted by gravity flow. Each 1.6-ml fraction was collected for measurement of pH, absorbance at 280 nm, and immunoreactivity.
Glycogenolytic activity of the fractions was estimated from glucose production by the isolated rat liver preparation of Mortimore (14) . Glucose concentration in the perfusate was determined by the glucose oxidase method using the Technicon Autoanalyzer (Technicon Instrument Corp., Tarrytown, N. Y.).
Adenylate cyclase activity was determined by the method of Solomon, Londos, and Rodbell (15) in isolated rat liver cell membranes prepared by the method of Neville (16) .
[UI]glucagon binding to liver cell membranes was determined as described by Rubalcava and Rodbell (17) .
Gastrointestinal tissues were obtained from dogs subjected to laparotomy under nembutal anesthesia. After sections of tissue had been removed for morphologic studies, the animals were sacrificed with an overdose of nembutal and the gut removed. The mucosa was scraped away and frozen in dry ice and stored at -20°C until the time of extraction. Extracts were prepared by the method of Kenny (18) (Fig. 1) . The two peaks of immunoreactivity in the 3,500 mol wt and 2,900 mol wt zones were also noted when the eluates were assayed with antiserum 30K (Fig. 1) .
The K., of the larger molecular weight fraction was 0.56±0.02, the same as pancreatic glucagon, and it was estimated to have an mol wt of approximately 3,500. Its Ka. was significantly less than that of the large peak, which was 0.641±0.01 (P < 0.001) (Fig. 2 Disk gel electrophoresis of the 3,500 mol wt and 2,900 mol wt fractions. To compare its net charge with pancreatic glucagon, the 3,500 mol wt fraction was subjected to disk gel electrophoresis. At pH 8.3 (Tris-HCl buffer, g = 0.05), the 3,500 mol wt 30K immunoreactive peptide, like pancreatic glucagon, migrated to the midportion of the gel while the 2,900 mol wt 78J immunoreactive peptide remained at the origin ( Fig. 3) . At pH 4.7 (acetate buffer, u = 0.05), the 3,500 mol wt immunoreactive peptide, like pancreatic glucagon, migrated only slightly, whereas the 2,900 mol wt peptide migrated more rapidly (Fig. 3) . The 3,500 mol wt fraction appears to resemble pancreatic glucagon and to differ from the strongly basic 2,900 mol wt GLI with respect to net charge. pH4.7 pg/ml lot Isoelectric focusing column chromatography of the 3,500 mol wt and 2,900 mnol wt fractions. To determine their isoelectric points (pI), both the 3,500 mol wt and the 2,900 mol wt fractions were subjected to isoelectric focusing column chromatography, and the various fractions were then assayed with both antiserum 78J and antiserum 30K. In both assays, the major peak of immunoreactivity of the 3,500 mol wt fraction was noted at pH 6.2, the pI of glucagon in this system (Fig. 4 ) (Bromer has reported the pI of porcine glucagon to be near pH 7.0 [21] ). Like pancreatic glucagon, this peak has a 78J/30K ratio of approximately one (Fig. 4 ). Another peak of 78J immunoreactivity had a pI of more than 10 and a 78J/30K ratio of about eight and may represent contaminating 2,900 mol wt glucagon-like imp H 8 Isoelectric focusing column chromatography of fractions containing the 2,900 mol wt immunoreactivity revealed the 78J immunoreactivity to be concentrated at pH 10.1, with a smaller peak at 8.8 (Fig. 5) . Thus, the GLI peptide had a pI over 10 in this system. 30K immunoreactivity was more widely distributed, a substantial quantity coinciding with 78J immunoreactivity and suggesting cross-reactivity. Additional peaks with much lower 78J/30K ratios were observed in the lower pH zone and suggested the presence of other polypeptides more closely related to pancreatic glucagon.
Effect of the 3,500 mol wt and 2,900 mol wt fractions on adenylate cyclase activity and [Z"I]glucagon displacement in liver membranes. The 3,500 mol wt fraction was compared with pancreatic glucagon with respect to its ability to activate adenylate cyclase in partially purified rat liver membranes. As shown in Fig. 6 , the adenylate cyclase activity generated by the 3,500 mol wt Fig. 6 ).
Glycogenolytic activity of the 3,500 mol wt fraction.
To compare their glycogenolytic activities, the isolated rat liver was perfused with the 3,500 mol wt immunoreactive fraction, the 2,900 mol wt immunoreactive fraction, and with crystalline pancreatic glucagon. 78J ng eq of the main 2,900 mol wt peak gave a response of only 64±15.2 AM of glucose Der 100 g, sig-nificantly less than the response to 10 ng of glucagon (P < 0.001), and 100 ng eq gave a response comparable to 20 ng of glucagon. It would appear that with respect to glycogenolytic activity, the 3,500 mol wt peak resembles pancreatic glucagon, while the 2,900 mol wt peptide is considerably less active. Insulin content of extracts. To exclude the possibility that small pieces of pancreas had been inadvertently removed with the porcine duodenum and that "duodenal glucagon" might, in fact, be of pancreatic origin, insulin was assayed in 37 individual extract samples. All but three gave zero readings and in those three only traces of insulin, ranging from 2.5 to 13 uU per ml, were present in solutions that contained from 1.3 to 9 ng per ml of 30K reactive glucagon. Save for the unlikely possibility that the extraction procedure selectively destroyed insulin, these extracts can be regarded as being free of insulin and, therefore, of contamination with pancreatic glucagon. Moreover, in acid-alcohol extracts (18) of the mucosa stripped from the gastric fundus, far greater quantities of 3,500 mol wt immunoreactive peptide having a 78J/30K ratio of 0.97 were found, veri- GLUCAGON ng/mi 0.3 3 30 300 3,000 GL I ng "equiv"/ml FIGURE 6 Comparison of adenylate cyclase activation by partially purified fractions of 3,500 mol wt peptide material quantitated with antiserum 30K (A), 2,900 mol wt peptide quantitated with antiserum 78J (A-A), and pancreatic glucagon (0-0). The molarity at the top refers to pancreatic glucagon. Glucagon in nanograms per milliliter refers to the partially purified fraction of gut immunore-ctivity as measured with antiserum 30K. GLI refers to gut immunoreactivity as measured with antiserum 78J. fying the nonpancreatic origin of a polypeptide indistinguishable from glucagon (Table II) . Morphologic evidence of extrapancreatic "true" A-cells. Orci et al. first reported the ultrastructural similarity between endocrine cells located in the gastrointestinal tract and the pancreatic A-cells (6, 22, 23) . It was suggested that these cells might be the site of "enteroglucagon" secretion, a prediction supported by the studies of Polak, Bloom, Coulling, and Pearse (7) in which a nonspecific antiglucagon serum was employed for immunofluorescent staining. This antiserum, which could react with both GLI-producing and glucagonproducing cells, was localized in the A-like intestinal cells (7) . The suggestion that A-cells, closely resembling pancreatic A-cells, are present in the gastrointestinal tract of several mammals, including man, has been frequently made (24) (25) (26) (27) (28) . Re-examination of these A-like cells reveals clear-cut ultrastructural differences which permit their separation into two types. One type is present primarily in the oxyntic mucosa (Fig. 7) and is indistinguishable from pancreatic A-cells (Fig. 7) . The other type (Fig. 7) is most prevalent in the postduodenal intestine and is clearly differentiated by the tightly applied limiting membranes surrounding its dense granule cores (29, 30) .
To determine if the distribution of the two types of immunoreactivity in the canine digestive tract matches the distribution of gastric true A-cells and the intestinal A-like cells, immunometric ratios of acid-alcohol extracts of gastric fundus, antrum, and the small bowel were compared. As shown in Table II, large amounts of immunoreactivity with a 78J/30K ratio of 0.98, the same ratio as glucagon, were found in the fundus. The ratio increased in the small intestine and rose to the high values characteristic of GLI. The distribution of immunoreactivity is therefore in accord with the morphologic predictions. Moreover, Bio-Gel P-10 filtration of canine gastric fundus reveals immunoreactivity to be predominantly in the 3,500 mol wt zone rather than in the 2,900 mol wt zone of enteric GLI. 
DISCUSSION
demonstrated GLI. One of these, a major 2,900 mol wt Gel filtration of porcine duodenal extracts, as prepared fraction, is thought to be made up largely of a polyby Professor Viktor Mutt, discloses two fractions which peptide immunometrically, physicochemically, and bio-logically distinct from pancreatic glucagon, although sharing certain of its biologic and immunologic properties. The other quantitatively smaller 3,500 mol wt fraction could not be distinguished from pancreatic glucagon by any of the methods employed. It has a molecular weight similar to glucagon and resembles it immunometrically, giving almost identical values when assayed with specific and nonspecific antisera such as 30K and 78J. Additionally, its behavior on disk gel electrophoresis and isoelectric focusing indicates its similarity to pancreatic glucagon with respect to net charge. Its pI of 6.2 is the same as glucagon.
The 3,500 mol wt fraction obtained after partial purification had glycogenolytic activity and adenylate cyclase activity entirely comparable to pancreatic glucagon. Moreover, adenylate cyclase activation by fractions of the 3,5000 mol wt material obtained by isoelectric focusing was confined to those fractions containing substantial levels of the pancreatic glucagonlike immunoreactivity (Fig. 4) (3) have observed a decline in plasma levels of 30K immunoreactivity 1 h after surgery, followed 1 and 7 days later by an increase in the arginine-stimulated rise in plasma glucagon, suggesting increased capacity for the secretion of extrapancreatic glucagon. Our own group has observed prompt and complete suppression of postpancreatectomy glucagon by insulin treatment and by somatostatin (5) .
In view of mounting evidence that when insulin secretion is fixed or absent the level of hyperglycemia is closely related to the level of glucagon (5, 32) , the demonstration of an extrapancreatic source of glucagon provides a unifying explanation for seemingly irreconcilable observations. First, the finding of glucagon immunoreactivity in plasma after pancreatectomy, using antiserum 30K, need no longer be regarded as evidence of assay nonspecificity but may indicate the presence of polypeptide identical to pancreatic glucagon. The fact that levels of extrapancreatic glucagon (1-3) increase in untreated dogs after pancreatectomy means that pancreatic diabetes, like every other form of acute and chronic experimental diabetes (33) (34) (35) , and spontaneous diabetes in man (36) (37) (38) and Chinese hamsters (39) is accompanied by relative or absolute hyperglucagonemia. The only known situation in which glucagon lack and insulin lack coexist is during somatostatin administration and, in this circumstance, glucose tends to decrease rather than rise (40) . The likelihood that extrapancreatic glucagon, as well as pancreatic glucagon, plays an important role in the pathophysiology of diabetes has recently been proposed (5, (41) (42) (43) .
It is proposed that the term "gastroduodenal glucagon" by applied to this polypeptide. For the postpyloric glucagon-like polypeptide, the widely used term "enteroglucagon" now seems inappropriate in view of its clear-cut differences from glucagon. "Gut GLI" or "enteroglucagonoid" would seem preferable.
As for GLI of the postpyloric bowel, it clearly differs from glucagon, not only in its smaller molecular size, but in every parameter tested. Immunometrically it is 60 times as reactive with nonspecific 78J antiglucagon serum as with glucagon-specific 30K. In terms of charge, it is a strongly basic protein with a pI over 10.1 in contrast to glucagon with a pI of 6.2 in the system employed here. Yet, it shares with glucagon the ability to enhance glycogenolysis by stimulating adenylate cyclase activity although appearing to be far less potent on an immunometric basis using 78J measurements. In the perfused rat liver, for example, 100 78J ng eq of GLI are required to produce the glycogenolytic activity of 20 ng of pancreatic glucagon, and 30 78J ng eq stimulate as much adenylate cyclase activity as 3.5 ng of glucagon. This biologic activity is probably the result of the GLI peptide itself rather than of a nonimmunoreactive material which activates adenylate cyclase or of contaminating gastroduodenal glucagon, since correlation between 78J immunoreactivity and adenylate cyclase-stimulating activity of the various eluates was observed. Although small amounts of 30K immunoreactivity were present in these eluates, they were below stimulatory levels and were probably devoid of biological activity. The 30K immunoreactivity present in the 2,900 mol wt eluates having a pI greater than 10 probably represents cross-reactivity with GLI. Other 30K peaks in the lower pH zones could conceivably be biologically inactive and immunologically reactive derivatives of the 3,500 mol wt fraction contaminating the 2,900 mol wt eluates.
Whether or not GLI has its own receptor or shares with pancreatic glucagon a receptor common to both, as proposed by Battaille, Freychet, Kitabgi, and Rosselin (44, 45) , is not settled by this study. In concentrations corresponding to those in portal plasma, GLI activates adenylate cyclase without displacing ["I]glucagon, but this could be the result of binding only to unoccupied glucagon receptors because of affinity too low to displace any of the ['"I]glucagon already bound.
The issue of GLI's physiologic role is not enlightened by these studies. It does seem clear, however, that physiologic levels of GLI activate adenylate cyclase. In view of the fact that the concentration of GLI is high in the postduodenal small intestine, one might consider the possibility that it serves as an auxiliary glycogenolytic hormone required only when large quantities of glucose reach beyond the duodenum, a circumstance in which pancreatic glucagon would be maximally suppressed and insulin secretion maximally stimulated. This could prevent the excessive hepatic glycogen accumulation noted by Price, Takeshige, Max, and Voorhees in hyperalimented, gastroenterectomized, and depancreatized dogs (46) and, in addition, may serve to prevent late postprandial hypoglycemia. Indeed, a patient with dumping syndrome and reactive hypoglycemia has been reported to have low levels of GLI (47) . However, others have reported high levels of GLI in reactive hypoglycemia (48), possibly a rare example of failure of the GLI secreting system to prevent this occurrence. A glycogenolytic role for GLI is supported by studies in dogs demonstrating increased glycemia associated with GLI release accompanying the absorption of large intraduodenal calcium chloride loads (49) . Nevertheless, the function of GLI remains a highly speculative issue at the present time. The possibility of a role as an inhibitor of upper gastrointestinal motility also warrants consideration.
